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ABSTRACT 
 
In piping materials, such as SA508 steel, used for pressurized heavy water reactors of nuclear 
power plants, ratcheting is manifested as a critical problem since it may alter the fatigue life 
of the said structure. Ratcheting is a type of strain accumulation which may occur from the 
cyclic loading conditions emanating from start-up and shut-down of the plant, variation in 
operating conditions or particularly in seismic events.  It occurs due to asymmetric cyclic 
loading condition in low cycle fatigue domain. The nature of strain accumulation and 
associated fatigue life of a material may vary based on different loading parameters such as 
mean stress, stress amplitude, maximum stress, minimum stress, stress ratio and temperature. 
Studies on ratcheting behaviour for AISI 304 stainless steel, Cr-Mo steel, carbon steel, 
aluminium and Cu-alloys have been done by numerous researchers in past few years; 
although enough scope of work still exists to understand the phenomenon more precisely. It 
has been recognized that piping material like SA508 steel is prone to ratcheting, but no work 
is still reported in the literature regarding ratcheting behaviour of steel. 
To start working with SA508 pressure vessel steel, the material is first characterized for its 
chemical composition, microstructural features, hardness and mechanical properties. The 
microstructure consists bainitic structure. Tensile tests are carried out at nominal strain rate of 
1 x10-3s-1 on 7 mm dia.  
True stress control cyclic loading tests are carried out in room temperature environment, 
where effects of stress amplitude (σa) and mean stress (σm) on the ratcheting behaviour are 
examined. In one set of experiments, σm is varied keeping σa constant, while in a second set 
σm is kept constant and σa is varied. The chosen σm ranges from positive to zero to negative. 
An end criterion of the tests is doing cycling up to fracture. It is noted that the accumulation 
of ratcheting strain increases with increasing σm and σa while the other parameter is constant.  
The increase in strain accumulation with increasing magnitude of stress amplitude can be 
explained with increasing width of stable hysteresis loop with increasing energy of 
deformation. 
Keywords: Ratcheting, Stress amplitude, Mean stress, SA508 steel 
 
LIST OF FIGURES 
 
 Page 
Figure2.1 Schematic representation of striation formation during fatigue crack 
growth. 
 
8 
Figure 2.2 Schematic representations of the various stages of fatigue crack growth 
 
9 
Figure 2.3(a) completely reversed stress cycle (b) asymmetric stress cycle (c) 
Random stress cycle. 
 
11 
Figure2.4 Schematic representation of S-N curve: (A) Ferrous system; (B) Non-
ferrous system 
 
13 
Figure2.5 Effect of mean stress on alternating stress amplitude at fatigue endurance 
 
15 
Figure2.6 Coffin-Manson and Basquin Plot. 
 
18 
Figure 2.7 Schematic responses to various modes of cyclic input variables 
(deformation or stress controlled tests 
 
19 
Figure 2.8   Ratcheting phenomenon 
 
22 
Figure 2.9 Peak stress and strain 
 
23 
Figure2.10 Plot of ratcheting strain rvs.number of cycle (N). 
 
23 
Figure2.11 Elastic shakedown 
 
24 
Figure2.12 Relaxation of mean stress 
 
25 
Figure 2.13 Curves of ratcheting true strain vs. number of cycles with various mean 
stresses 
26 
   

 
Figure 2.14 Curves of ratcheting true strain vs. number of cycles with various stress 
amplitude. 
 
27 
Figure2.15 True ratcheting strain as a function ofnumber of cycles (a) for constant 
mean andvarying stress amplitude (b) for constant stress amplitude and varying 
mean stress. 
 
27-28 
Figure 2.16 Peak and valley stresses vs. cyclic number N with various strain 
amplitudes: 
(a) 25CDV4.11, 0.4% (b) 25CDV4.11, 0.6% 
 
29 
Figure 2.17 Ratcheting strain vs. cyclic number N of (a) 25CDV4.11 steel with load 
condition of 80 ± 600 MPa(b) For SS304 with load condition of 65 ± 260 MPa. 
 
30 
Figure 2.18 Stress response curves showing the variation of tensile stress and 
compressive stress with cycles at fixed total strain amplitude of 0.60%. 
 
30 
Figure2.19 Ratcheting strain versus cycle at different stress rates for stress 
amplitude of 400 MPa and mean stress of 100 MPa. 
 
31 
Figure3.1Rotating disc for polishing 
 
36 
Figure 3.2Optical Microscope 
 
37 
Figure 3.3Leco LV 700 Vickers hardness testers. 
 
38 
Figure 3.4 Specimen drawing 
 
39 
Figure 3.5schematic loading paths for ratcheting test 
 
40 
Figure 3.6 Specimen drawing for ratcheting. 
 
41 
   

Figure 3.7 Scanning Electrons Microscope 
 
42 
Figure 4.1 Typical optical microstructures of SA 508 steel (a) L-Corientation 
(b) L-R orientation(c) and R-C Orientation 
 
45 
Figure 4.2 Grain Size Distribution 
 
46 
Figure 4.3 Engineering stress–strain behavior of the steel 
 
47 
Figure 4.4 Hysteresis loop up to failure for σm= 50 MPa, σa=540MPa. 
 
48 
Figure 4.5 Hysteresis loop for 1st and 2nd cycle for σm= 50 MPa, σa=540MPa. 
 
48 
Figure 4.6 Hysteresis loop for first and second cycle (b) hysteresis loops up to 
failure cycles at σm= 50 MPa, σa=540MPa. 
 
49 
Figure 4.7 Hysteresis loops up to failure cycles at σm= -40MPa, σa= 520 MPa 
 
49 
Figure 4.8 Variation of ratcheting strain with number of cycles for varying a and 
at constant   m levels: (a) m = 30 MPa (b) m = 40 MPa, (c) m = 50 MPa 
 
50 
Figure 4.9 Typical stress–strain hysteresis loops showing increased opening of the 
loops With increasing a at m = 30MPa and 40MPa for N=100. 
 
52 
Figure 4.10. (a) Variations of ratcheting strain with number of cycles for varying 
m and constant a 
 
52 
Figure 4.11 Rate of ratcheting strain vs. number of cycles 
 
53 
Figure 4.12 Rate of ratcheting strain vs. number of cycles 
 
54 
Figure 4.13 Striations formed during cyclic loading (a and b), Interface of overload 
failure (c). 
55 
   

 
LIST OF TABLES 
                     Page 
 
Table 4.1 Chemical composition of the SA508 steel      44 
 
Table.4.2 Hardness value of SA 508 steel       46 
 
Table .4.3 Tensile Properties of SA 508 steel      47 
 
Table 4.4 Selected m and a values for ratcheting tests.     51 
 
 
 
 
 
 
 
1 | P a g e   
 
 
 
 
CHAPTER-1 
INTODUCTION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2 | P a g e   
 
1.1 Introduction 
Ratcheting is a type of strain accumulation which occurs in engineering structures due 
to asymmetric cyclic loading conditions in low cycle fatigue domain. Asymmetric cyclic 
loading conditions may generate from start-up and shut-down of a plant, variation in 
operating conditions of structural members, or particularly to buried pressure vessel pipelines 
during seismic events.  Pressure vessel piping materials, such as SA333 C-Mn steel, used for 
pressurized heavy water reactors of nuclear power plants, gets affected due to ratcheting; has 
become the research interest of several groups of researchers [1-3]. Ratcheting behaviour has 
also been in many other engineering materials such as: 304LN stainless steel [4], 1026 carbon 
steel [5], Elbrodur-NIB copper alloy [6] and 1070carbon steel [7] in the last two decades by 
several investigators. Study of ratcheting is manifested as a critical problem since it may alter 
the fatigue life of the assumed structure [8]. 
 
The nature of strain accumulation and associated fatigue life of a material may vary 
based on different loading parameters such as mean stress [9], stress amplitude [10], 
maximum stress [11], minimum stress [11], stress ratio [6,11] and temperature [9,12].It was 
observed that most of the investigations related to ratcheting are done with controlling the 
engineering stress. On the other hand very little information is available for true stress 
controlled ratcheting. In engineering stress control test, specimens are usually failed through 
necking rather than by initiation and growth. Therefore this investigation is primarily done by 
controlling the tests under true stress control are of more practical sense. It has been 
recognized that piping material like SA508 steel is prone to ratcheting, but no work is still 
reported in the literature regarding ratcheting phenomenon in this steel. 
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To start working with SA508 pressure vessel steel, the material was first characterized 
for its chemical composition, micro structural features, hardness and mechanical properties. 
Studies of ratcheting behavior of the steel were done by controlling true stress. The true stress 
control was adopted by adjusting various combinations of mean stress and stress amplitude 
during cyclic loading. The experiments were designed in such a manner that the loading 
parameters fall under constant mean stress with varying stress amplitude and constant stress 
amplitude with varying mean stress. All the tests were conducted up to fracture. 
Fractographic examinations were carried out on a set of representative fractured samples 
using scanning electron microscopy. 
 
 
1.2Objectives of the present work 
 
Ø To characterize the steel SA 508 steel for its microstructure, hardness and 
conventional mechanical properties. 
 
Ø To study the effects of various combinations of mean stress and stress amplitude on 
the nature of strain accumulation during uniaxial ratcheting deformation. 
 
Ø Fractographic examinations on fractured samples using scanning electron microscopy. 
 
 
1.3 Lay out of the work 
This thesis contains six chapters. The requirement of related experiments along with 
significance of the problem is described in Chapter-1. Literature background related to 
fatigue and subsequently ratcheting behavior of various materials are presented in Chapter-2. 
The information which is available in the literature generates many queries and provides the 
directions for further research. The present study has been inspired by the achievements of 
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the previous investigations. Details of test procedures material characterization, chemical 
composition analysis, microstructure analysis, hardness, test conditions and factors affecting 
tests have been discussed in Chapter 3. Obtained results on microstructures, hardness, 
conventional mechanical properties and ratcheting phenomenon of the investigated steel are 
discussed in Chapter 4. Conclusions derived from this work are summarized briefly in 
Chapter-5 together with some proposed future work related to this area. All references cited 
throughout the thesis are compiled at Chapter 6.  
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CHAPTER -2 
 
LITERATURE REVIEW 
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2.1 Fatigue: 
When a material is subjected to repeated loading and unloading, nominal 
maximum stress values are less than the ultimate tensile stress limit, or may be below 
the yield stress limit, the material may fail due to progressive localized damage known as 
fatigue .It has become progressively more appropriate in the areas, such as automobiles, 
aircraft, compressors, pumps, turbines, etc., due to vibration and fluctuating load. Today it is 
often stated that fatigue accounts for at least 90 percent of all service failures due to 
mechanical causes [I, II]. Three basic factors are necessary to cause fatigue failure. These are: 
 
• High value of maximum tensile stresses, 
• Large sufficient variation or fluctuation in the applied stress, and 
• Large number of cycles of the applied stress. 
 
Some of the other variables, such as temperature, stress concentration, residual stresses, 
corrosion, overload, metallurgical structure, and combined stresses, which have a tendency to 
change the conditions for fatigue. 
 Although fatigue failures may seem to be abrupt, the process of fatigue fracture is 
progressive, beginning as mature cracks that grow during the service life of components. 
Sub-microscopic changes take place in the crystalline structure of metals and alloys under the 
action of repetitive low level load applications. These minute changes accumulate to lead to 
the formation of tiny microscopic cracks. The tiny cracks grow under cyclic loading into 
larger cracks. The larger cracks continue to grow until the stress in the remaining ligament 
becomes unsustainable, when sudden failure occurs. The growth history of fatigue cracks can 
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conveniently be sub-divided into three stages: crack initiation, incremental crack growth, and 
final fracture. [III] 
 
Initiation of fatigue cracks usually occurs at free surfaces. This is because of the higher 
stresses and the higher probability of the existence of defects at these locations (for example, 
existence scratches, corrosion pits, bolted joints etc.). Even at highly-polished defect-free 
surfaces, fatigue cracks can initiate. According to W.A. Wood, these cracks initiate through 
repeated micro-plastic deformations which result in the formation of the “intrusions” and 
“extrusions” on the surface [I]. Formation of micro-cracks may start from these intrusions, as 
these can act as local stress concentration sites. Different stages exist in fatigue crack 
initiation and propagation. The crack grows in stage I at a tilt, in a crystallographic fashion. 
Gradually it deflects into a Stage II crack when a striation forming mechanism dominates. 
Fatigue crack propagation occurs through repeated crack tip blunting and sharpening effects 
which are in turn caused by micro-plastic deformation mechanisms operating at the crack tip. 
It occurs over a long period of time; the fracture surface may contain characteristic markings 
which are called “beach markings” or “clamshell markings”. These markings, which are 
recognizable even by naked eye, reflect the occurrence of different periods of crack growth. 
On the other hand, there are extremely fine parallel markings, at intervals of the order of 0.1 
μm or more called “striations”, which represent the crack growth due to each individual 
loading cycles and can seen at higher magnifications using electron microscopes. 
 
Generation of striations occur from two primary mechanisms: alternating slip and 
crack tip blunting and re-sharpening, as schematically shown in Fig. 2.1. 
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Figure2.1 Schematic representation of striation formation during fatigue crack growth. 
 
 
 
 When the crack tip plasticity is limited alternating slip occurs, so that dislocations 
only move on a small number of parallel planes. As the dislocations are produced at the crack 
tip under load, they will tend to pile up close to the crack tip, resulting in localized work 
hardening. This work hardening tends to embrittle the material, making it easy for the crack 
to grow on the slip plane. As the crack grows, new slip planes are activated, and the process 
is repeated as illustrated above. As the slip planes alternate, the crack follows a “zigzags” 
path and sharp ridges are formed on the failure surface. Crack tip blunting and re-sharpening 
occurs in materials capable of more generalized yielding at the crack tip. Upon loading, the 
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initially sharp crack will blunt due to plastic deformation. Small crack length is increase due 
to blunting. When the crack is unloaded, the elastic stress field around the plastically relaxed 
crack tip will cause the crack to resharpen. Reloaded the crack, blunting is again, leave a 
ripple on the surface. 
 
Further on, in Stage III, static fracture modes are superimposed on the growth mechanism, till 
finally it fails catastrophically by shear at an angle to the direction of growth. Fig. 
2.2representsaschematic the various stages of fatigue crack growth. 
 
 
 
 
 
 
 
Figure 2.2 Schematic representations of the various stages of fatigue crack growth 
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2.2 Different nomenclature to describe test parameters 
 
Different nomenclature is there in fatigue literature which can be enlisted as follows: 
 
Ø Stress range (∆s) = smax–smin 
Ø Stress amplitude (sa) = (smax–smin) /2 
Ø Mean Stress (sm) = (smax + smin)/2 
Ø Stress ratio (R) = smin ∕ smax 
Ø Amplitude ratio (A) = sa/sm = (1–R)/(1+R) 
 
 
2.3Types of cyclic loading 
 
 
As can be seen in the figures given below, cyclic loading may be of different natures. These 
are:[I] 
Completely reversed cycle: In this type of cyclic loading, maximum and minimum stresses 
are equal. It is symmetric loading (σm = 0). Tensile stress is considered positive and 
compressive stress is negative (Fig 2.3(a)). 
 
Asymmetric loading: repeated stress cycle in which the maximum stress σmax and σmin are not 
equal. Both are in tension, but some time it may be tension and compression both. This is 
known as asymmetric loading (σm ≠ 0, Fig 2.3(b)). 
 
Random stress cycle: this type of stress cycle generated in a part such as an aircraft wing 
which is subjected to periodic unpredictable load due to gusts (Fig 2.3(c)). 
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Figure 2.3(a) completely reversed stress cycle (b) asymmetric stress cycle (c) Random stress 
cycle. 
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2.4High Cycle Fatigue and Low Cycle Fatigue: 
 
There are two types of fatigue failure divided on the basis of total life of a component are low 
and high cycle fatigue (LCF and HCF). 
 
2.4.1 High Cycle Fatigue 
 
 
In HCF, the life is usually characterized as a function of the stress range applied, and the 
components fail after a high numbers (Usually higher than 106 cycles) of cycles at a relatively  
 
Low stress (Usually less than 30 % of yield stress), and the deformation experienced is 
primarily elastic [I]. High cycle fatigue must be considered during design of automobiles, 
aircraft, compressors, pumps, turbines, etc. where vibration occur. HCF test is done at 
frequency always greater than 1 KHz. 
The high cycle fatigue is defined by the Basquin equation 
Nsap =C..........................................................................................................................1 
Where σa is the stress amplitude and p and c are empirical constants 
 
The S-N Curve: 
 
 
The basic method of presenting engineering fatigue data is by means of the S-N curve Fig. 
2.4, a plot of stress σ against the number of cycles to failure N. A log scale is almost always 
used for N. The value of stress that is plotted can be σa, σmax, or σmin. The nominal stresses 
values are usually used means there is no adjustment for stress concentration. The S-N 
relationship is determined for a specified value of σm, R or A. 
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Figure2.4 Schematic representation of S-N curve: (A) Ferrous system; (B) Non-ferrous 
system 
 
 
 
For determinations of the S-N curve, the usual procedure is to test the first specimen at a high 
stress where failure is expected in a fairly short number of cycles, which is generally about 
two-thirds of the static tensile strength of the material. The test stress is decreased for each 
succeeding specimen until one or two specimens do not fail in the specified numbers of 
cycles, which is usually at least 107 cycles. 
 
 
The highest stress at which a run-out (non-failure) is obtained is taken as the fatigue limit. 
For materials without a fatigue limit, the test is usually terminated for practical considerations 
at a low stress where the life is about 108 or 5x108 cycles. The S-N curve is usually 
determined with about 8to 12 specimens.[III] 
14 | P a g e   
2.4.2Low Cycle Fatigue 
 
The low cycle fatigue, where life is characterized as a function of the strain range and the 
component fails after a small number of cycles at a high stress, where largely plastic 
deformation is obtain. In thermal origin strain controlled cyclic loading is found, because a 
component expands and contracts in the operating temperature. Low cycle fatigue must be 
considered during design of nuclear pressure vessels, steam turbines and other type of power 
machineries. Low cycle fatigue test is done at frequency less than 1 Hz.[I] 
 
The usual way of presenting low-cycle fatigue test results is to plot the plastic strain range 
Δεp against N. This graph is plotted in log-log co-ordinates.  
The behaviour of low cycle fatigue is described by Coffin-Manson relation, which is  
 
∆ep/2  =  e’f(2N)c................................................................................................2 
 
 
Where,  
Δεp/2 = plastic strain amplitude 
e’f= fatigue ductility coefficient defined by strain intercept at 2N = 1  
2N      = number of strain reversals to failure  
C       = fatigue ductility exponent, which varies between -0.5 to -0.7 for many metals 
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2.5 Effect of Mean Stress on Fatigue 
 
Much of the fatigue data in the literature have been determined for conditions of 
completely reversed cycles of stress, σm = 0. Still, situation is normally met in engineering 
field where an alternating stress and a superimposed mean, or steady, stress. There are more 
feasible methods to determining an S-N diagram where σm = 0. Fig 2.5 shows the mean stress 
in relating the fatigue endurance limit. All these relationships show that the alternating stress 
amplitude required for fatigue endurance limit gradually decreases with increasing of the 
mean stress. 
 
 
 
Figure2.5 Effect of mean stress on alternating stress amplitude at fatigue endurance 
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The mathematical formulations for the various curves in Fig2.6 are: 
 
Gerber: (σa/σe) + (σm/σu)2 = 1 ………………..………………………………………....(3.a) 
 
Goodman: (σa/σe) + (σm/σu) = 1 ……………………………………………………….. (3.b) 
 
Soderberg: (σa/σe) + (σm/σy) = 1 ………………………………………………………. (3.c) 
 
 
 
2.6Fatigue life prediction through different approach  
 
 
2.6.1 Approach based on Stress 
 
 
Wohler was the first researcher who studies on metal fatigue using the stress based approach 
in 1871 on rotating axles [14]. And Basquin was proposed in 1910. 
True stress amplitude σa = ∆σ/2 is used as the damage parameter instead of engineering 
stress. 
Basquin Relationship: σa = σf (2Nf)b 
Where σf is the fatigue strength coefficient and b is the fatigue strength exponent. Fatigue 
strength exponent b, varies from-0.05 to-0.15. Also fatigue strength exponent b, can be 
calculated from strain hardening exponent n. 
b= 		 ……………………………………………………………………………. (4) 
 
If we take account the effect of mean stress then Basquin Relation will be 
 
σa= (σf-σm) (2Nf)
b
 …………………………………………………………………..(5) 
 
 
Approach based on Stress is mostly applicable to the high cycle fatigue region where the 
strain is essentially elastic. 
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2.6.2 Approach based on strain  
 
 
 
The approach based strain was basically introduced for thermal and low cycle fatigue. This 
approach is popular for fatigue life estimation. 
Coffin-Manson equation can be written as 
∆ep/2 = (ef). (2Nf) c 
 
Where ef is the fatigue ductility coefficient which corresponds to the plastic strain at one 
reversal (2Nf =1) and c is the fatigue ductility exponent. Fatigue ductility exponent c, varies 
from -0.4 to -0.8. Also fatigue ductility exponent c, can be calculated from strain hardening 
exponent n. 
C=
n51
1
+
-
...............………………………………………………......……………………. (6) 
The mean strain effect in the low cycle fatigue can be accounted for by modifying the Coffin-
Manson equation as 
∆εp/2= (εm – εp) (2Nf)c............................................................................................................(7) 
Where  εm is the mean strain. 
 
Under condition of strain cycling cyclic life in terms of reversals to failure is expressed by 
Coffin-Manson and Basquin relationship  
∆εt/2 = ∆εe/2 + ∆εp/2 = (sf/E). (2Nf) b + (ef).(2Nf)c.  
Fig 2.6 shows the strain-life plots according to the above relationship. From this equation it is 
possible to determine the transition life (2Nf) and also the transition strain for the changeover 
between HCF and LCF.  
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It is found from Fig 2.6 that while below transition life plastic strain component predominates 
and above transition life elastic strain component predominates. 
 
 
 
 
 
 
 
 
 
 
 
Figure2.6 Coffin-Manson and Basquin Plot. 
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2.7 Cyclic deformation behavior on different material  
 
 
Response of Material deviates from that of the monotonic, once a reversed plastic 
deformation takes place. When a smooth solid specimen is subjected to one of the loading 
programme shown in Fig 2.7. 
 
 
Figure 2.7 Schematic responses to various modes of cyclic input variables (deformation or 
stress controlled tests 
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To dislocation glide is generally increased, thus requiring higher stresses to continue the 
deformation. The cyclic important characteristics including cyclic mean stress relaxation 
hardening or softening, cyclic creep deformation (defined as ratcheting in the current 
investigation), rate dependency and memory effect. In the case where strain controlled tests is 
fully-reversed, the material retort initially few cycles it varies with the number of and later 
stabilizes. Lefebvre et.al studied the stress-strain response of pearlitic- ferritic steel (ASTM 
A-516 Gr. 70) [14]. It indicates strain-softening phenomena, i.e. the uncontrolled stress 
decreases with increasing number of cycles until a saturated state is achieved. It should be 
noted that at higher strain range ranges this steel hardens, i.e. uncontrolled stress increases 
with increasing number of cycles until it reaches a stable state. This type of activities is 
commonly observed for the low alloy carbon steels. During cyclic deformation the mobile 
segment of dislocation is reduced, leading to the formation of different obstacle structure. 
The resistance hardening rate is smaller at low strain amplitudes than at higher ones. For 
fully-reversed stress-controlled loading, it observes that strain hardening or softening similar 
to the strain-controlled condition. The plastic strain decreases with the number of cycles and 
reaches stable state for strain hardening material. The reverse occurs for strain softening 
material. When a mean stress is present, the response is rather complicated. For example, in 
the case of tensile mean stress, creep is observed under stress controlled condition which is 
shown above in Fig. 2.7. The ratcheting strain (cyclic creep strain) increases with increasing 
number of cycles. 
It has been seen that the cyclic stress-strain curve differs from that of the monotonic curve in 
several aspects. First there is transition accompanied by either strain softening or hardening 
with respect to monotonic curve. A saturated state is subsequently reached. However the 
transient response depends on the test control mode, i.e. deformation (strain) or load (stress) 
control, and prior history of deformation. 
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2.8 Ratcheting 
 
 
Ratcheting is the event of progressive accumulation of permanent deformation when 
any component is subjected to cyclic loads in the elastic-plastic strain range under stress 
controlled fatigue with non-zero mean stresses. Due to accumulation of plastic strain material 
will finally lead to a shakedown, or a constant rate of ratcheting or very large ratcheting 
strains ultimate to failure of the material [15].It is low cycle fatigue domain responses. 
Ratcheting is important in designing and life evaluation of the structural components endured 
in cyclic loading. Ratcheting strain is a secondary strain produced under asymmetrical cyclic 
stressing, and has a great dependence on loading conditions and loading history. Other 
factors, such as ambient temperature and non-proportionality of loading path, have significant 
effects on ratcheting. 
 
Different types of structures that are subjected to cyclic loading where the maximum 
stress exceeds the elastic limit of the materials used. For design and analysis of these types of 
structures, or materials accurate knowledge of ratcheting response is critical as ratcheting can 
lead to catastrophic failure of the structures. Even for structures that are designed to be within 
the elastic limit, plastic zones may exist at discontinuities or at the tip of cracks. The fatigue 
cracks can initiate at these plastic zones. 
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Figure 2.8   Ratcheting phenomenon 
 
 
The ratcheting phenomenon is defined as a cycle-by-cycle accumulation of plastic strain with 
the application of cyclic load characterized by constant stress amplitude with none zero mean 
stress. After a sufficient number of cycles, the total strain (displacement) become so large that 
the original shape of the structure is altered, thereby making the structure unserviceable. The 
typical repetitive loading for ratcheting is shown in Fig. 2.8 [16]. 
 
The axial ratcheting strain er is defined as fig 2.8 
er= 2
1
(emin-emax ) …………………………………………………………..……(8) 
Where emax is the maximum of axial strain in each cycle, emin is the minimum axial strain. 
The axial Ratcheting strain rate is defined as the increment of ratcheting strain er in each 
cycle and denoted dεr/dN[9]. 
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Figure2.10 Plot of ratcheting strain ervs.number of cycle (N). 
 
 
 
Figure 2.9 Peak stress and strain 
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In the above Fig 2.10 we plot ratcheting strain ervs. Number of cycles (N). If ratcheting strain 
er increase continuously with number of cycle (N) that indicates, plastic strain accumulated 
with time and material is finally failed due to high plastic strain. If ratcheting strain er first 
increase with number of cycle (N) then comes to a constant value that indicates that in first 
portion of the curve plastic strain accumulated with time then stops, so material do not fail 
due to ratcheting. 
 
2.8.1 Shakedown 
 
 
 
 
 
Figure2.11 Elastic shakedown 
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With occurrence of structural shakedown, the dissipated energy in the whole structure 
remains bounded after initial plastic flow and the structure respond in the purely elastic 
manner to the applied variable load [12]. 
 
 
2.8.2 Mean stress Relaxation  
 
 
 
Figure2.12 Relaxation of mean stress 
 
 
Relaxation of mean stress happens when we do an unsymmetrical strain experiment, as 
shown in Fig 2.12 for unsymmetrical strain experiment, a mean strain is introduced. Mean 
strain cause mean stress. So at the initial cycle a mean stress is introduced during 
unsymmetrical strain experiment .But as the cycling proceeds mean stress will relax and 
tends to zero.  
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2.9 Strain accumulation during ratcheting-effect of different 
factors: 
There are different parameters which affect the strain accumulation during ratcheting. These 
parameters can be enlisted as: 
· Mean stress,  
· Stress amplitude,  
· Maximum stress,  
· Minimum stress,  
· Stress ratio,  
· Stress rate. 
· Temperature,  
· Characteristics of material.  
 
2.9.1 Effect of mean stress and stress amplitude 
 
Mean stress and stress amplitude are the most important parameters that affect the 
accumulation of strain during ratcheting; but most dominating is the mean stress [16].Many 
researchers have reported that strain is accumulated in presence of positive or negative mean 
stress. Kang et al. [9] have shown that strain accumulation increases with increasing 
mean stress at constant stress amplitude (Fig. 2.13) and varying stress amplitude with 
constant mean stress for SS304 material (Fig.2.14). 
 
 
 
Figure 2.13 curves of ratcheting true strain vs. number of cycles with various mean stresses 
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. 
 
 
Figure 2.14 curves of ratcheting true strain vs. number of cycles with various stress 
amplitude. 
 
In true stress controlled fatigue test Paul et. al [3], Sivaprasad et. al [2] found ratcheting strain 
varies directly with the stress amplitude at constant mean stress, which is explained by the 
plot shown in Fig.2.15 In case of constant stress amplitude, both ratcheting life and strain 
accumulation is increasing with tensile mean stress and strain accumulation paths are mirror 
of each other for tensile and compressive mean stress of equal magnitude. 
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Figure2.15 True ratcheting strain as a function ofnumber of cycles (a) for constant mean and 
varying stress amplitude (b) for constant stress amplitude and varying mean stress. 
 
 
 
Chen et. al [17] have reported that ratcheting strain and ratcheting strain rate of 63Sn37Pb 
increased with increasing stress amplitude or mean stress respectively and also shown that 
accumulation of ratcheting strain rate was very responsive to the applied cyclic stress rate. 
Several other researchers have found that ratcheting strain depends on both mean stress and 
stress amplitude.[18, 19]. 
 
2.9.2 Effect of cyclic hardening/softening features 
 
Accumulation of ratcheting strain as well as fatigue life of the materials depends on the cyclic 
hardening/softening features of the materials. Yung-Chuan Chiou [20] studied the ratcheting 
behaviour of AISI 304 stainless steel, the cyclic stress response curves obtained for AISI 304 
stainless steel exhibit either an initial cyclic hardening followed by softening, or continuous  
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Cyclic softening to fracture. Kang et al. [9] studied the ratcheting behaviour of 25CDV4.11 
steel and SS304 stainless steel. 25CDV4.11 steel features cyclic softening outstandingly and  
SS304 stainless steel characteristics cyclic hardening apparently which is shown in Fig 2.16 
When the material show cyclic softening behaviour, i.e., 25CDV4.11, accumulation of 
ratcheting strain increases with cycles, no shakedown of ratcheting takes place and the 
material finally fails due to the increasing ratcheting strain in spite of load conditions.  
 
 
 
 
 
 
 
 
Figure 2.16 Peak and valley stresses vs. cyclic number N with various strain amplitudes: 
(a) 25CDV4.11, 0.4% (b) 25CDV4.11, 0.6% 
 
When the material show cyclic hardening (i.e., SS304 stainless steel), the ratcheting strain 
rate decreases with the increase of cycles shown in Fig 2.17,P.C. Lam et.al [21] shown in his 
experiment initial hardening followed by progressive softening up to failure in case of 
aluminium-magnesium-silicon alloy. The softening occurred by a progressive decrease in 
stress for both the tension and compressive parts of a strain amplitude-controlled fatigue test 
is illustrated in Fig. 2.18. 
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Figure 2.17 Ratcheting strain vs. cyclic number N of (a) 25CDV4.11 steel with load 
condition of 80 ± 600 MPa(b) For SS304 with load condition of 65 ± 260 MPa. 
 
 
 
 
 
Figure 2.18 Stress response curves showing the variation of tensile stress and compressive 
stress with cycles at fixed total strain amplitude of 0.60% 
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2.9.3 Effect of stress rate 
 
 
Nature of accumulation of ratcheting strain behaviour is same as creep behaviour. 
There are three stages are in ratcheting as the creep strain development under static load,  the 
primary (transient), secondary (steady-state) and tertiary regions is studied by C. B. Lim et. 
al. [6].The dependence of ratcheting strain at failure may vary with stress rate and material, 
the ratcheting strain decreases as the applied stress rate increases (Fig. 2.19). 
 
 
 
 
 
 
 
 
Figure2.19 Ratcheting strain versus cycle at different stress rates for stress amplitude of 400 
MPa and mean stress of 100 MPa. 
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2.10 Materials on which Ratcheting behaviour have been studied 
Ratcheting behavior has been studied for cyclic hardening materials like SS304, 
316FR and 316L stainless steel and cyclically stable such as U71Mn rail steel and normal 
carbon steels [9,22,23]. Stress-controlled low cycle fatigue test has been carried out for 
ASTM A516 Gr 70 steel with tensile mean stress to study the effect of mean stress and 
ratcheting strain on fatigue life [24]. Lim et. al studied the ratcheting and fatigue behaviour 
for copper alloy at room temperature with and without sm [6]. Ratcheting is also studied for 
the materials, which are prepared by using powder metallurgy. The cyclic deformation 
behaviour of two dispersion-strengthened aluminium alloys produced by mechanical alloying 
is examined. The results of plastic strain-controlled low cycle fatigue tests are compared with 
those obtained for a conventional A1-Mg alloy (AA5083-H321) and a conventional 
precipitation-strengthened alloy (AA7075-T6) [25]. The effect of annealing treatment on the 
ratcheting behaviour and variation in microstructure and monotonic tensile properties is 
assessed for extruded AZ31B magnesium alloy [26]. Uniaxial ratcheting characteristics of 
63Sn/37Pb at room temperature studied experimentally and particular attention is given to 
ratcheting behaviour under different loading rates. Kang et. al [9], have studied ratcheting 
behavior of cyclic hardening materials and reported that these materials fail due to combined 
effect of increasing ratcheting strain and low cycle fatigue, while cyclic softening materials 
fail under large ratcheting strain. The effect of sa, sm, loading history and stress ratio on the 
ratcheting behaviour of high-nitrogen steel was also analyzed [27, 28]. 
Ratcheting behaviors’ of metals with different crystal structures or values of fault 
energy was observed by the uniaxial stress-controlled cyclic tension-compression tests with 
non-zero mean tensile stress [29]. The hysteresis loops for materials having a wavy slip 
character (high stacking fault energy) are virtually symmetrical with respect to both the stress 
and strain axes. On the other hand, for materials having a planar slip character (low stacking 
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fault energy) the loops are always displaced with respect to the strain axis in the direction of 
the first applied stress. [30, 31]  
 
2.11 Theoretical study on ratcheting 
In past years, a series of theoretical studies and modeling on ratcheting have been done [32-
37]. All are mentioned that kinematic hardening is the most important mechanism of 
ratcheting behaviour. It is defined as the hardening of solid due to high stress applied on that 
solid. A number of constitutive model have been proposed to describe the elasto-plastic 
behavior under cyclic loading conditions [38].  
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CHAPTER-3 
 
MATERIAL, EXPERIMENTAL 
DETAILS AND TESTING 
PROCEDURES 
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3.1 Material 
 
The material used for this investigation is SA 508 class 3 low alloy steel. Usually it is used in 
primary heat transport (PHT) piping systems of reactors for nuclear power plants. SA 508 
PHT piping systems conduct cooling operation using D2O, entering at 2490C and exiting at 
2930C under 10.5 MPa pressure typically. The steel for this study was available in the form of 
a pipe with270 mm inner diameter and outer diameter of 320 mm.  
3.1.1 Chemical composition 
 
Chemical composition of the investigated material was determined using Optical Emission 
Spectrometry (OES). For this study, chemical composition of SA 508 steel was obtained 
through Argonne National Laboratory manual.  
3.2Metallography 
3.2.1 Specimen Preparation 
Samples of approximately 10mm x 10mm x 10mm size were cut from the as received 
material for metallographic examinations. These samples were first roughly ground on belt 
grinder. The specimen was made to move perpendicular to the existing scratches on the belt 
grinder it was continued until the surface is flat and free of nicks, burr etc. after this all corner 
are chamfer. After rough grinding, the samples were ground with rotating discs of abrasive 
paper, i.e., wet silicon carbide paper. The coarseness of the paper is indicated by a number. 
The grinding procedure involves several stages, using a finer paper (higher number) for each 
successive stage i.e. from 80, 120, 180, 220, 320, 400, 600, 800, 1000, and 1200. Each 
grinding stage removes the scratches from the previous coarser paper. This was more easily 
obtained by orienting the specimen perpendicular to the previous scratches, and watching for 
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these previously oriented scratches to get obliterate. Samples were thoroughly washed with 
soapy water and then allowed to dry. The final scratch-free surface was obtained by using a 
rotating wheel (Fig 3.1) covered with a special cloth that was charged with abrasive particles. 
The abrasive either using diamond paste of particle size of 1μm and 0.25μm or using colloidal 
suspension of beta alumina having particle size of 0.25μm and 0.1μm. The cloth used in our case 
was velvet cloth. After fine polishing samples were thoroughly cleaned with soap solution, 
and subsequently dried using drier. Samples were etched with Keller’s Reagent [2ml HF 
(1%), 3ml HCl (1.5%), 5ml HNO3 (2.5%), and 190 ml H2O (95%)] 
 
 
 
 
 
Figure3.1Rotating disc for polishing 
 
3.2.2 Optical Microscopy 
 
 
The polished and etched metallographic specimens were studied using an optical 
microscope (LEICA DM 2500M (Fig. 3.2)). The software used is LAS V3.6 .These 
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examinations were carried out in three directions (L-C, L-R, and R-C) at different 
magnifications and several representative microstructures of the specimens were recorded. 
 
 
 
 
Figure 3.2Optical Microscope 
 
 
3.2.3 Grain size measurements 
 
The average grain size of the SA508 steel was determined by the linear intercept 
method according to ASTM standard E-112 [39]. In this method, a linear test grid was 
superimposed on the microstructure and the number of grains boundary intercepted by the 
test line was counted. Such measurements were repeated on 50 randomly chosen fields at a 
magnification of 500X. The average grain size was then calculated using the relation: d = LT/NL................................................................................................................................. (9) 
Where, 
NL = number of grains intercepted by a unit true test line length. 
LT = the true length of a test line is defined as the length of the test line at unit magnification. 
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3.3 Hardness Determination 
The samples prepared for hardness measurements were first made flat and parallel to 
opposite faces using a belt grinder to ensure precision of measurements. The samples were 
then mechanically polished using the procedure mentioned in section 3.2. Hardness was 
evaluated in three directions, viz. L-R, L-C and R-C surfaces, with the help of a Vickers 
Hardness Tester (Model: Leco LV 700, Fig. 3.3). 
 
 
Figure 3.3Leco LV 700 Vickers hardness testers. 
The hardness was measured at the load of 30kgf. Minimum3 readings were considered for 
each sample to calculate the average hardness. The Vickers hardness was calculated using the 
expression: 
HV= 2
854.1
avgp
P .......................................................................................................................10 
Where,  
P = indentation load.  
Davg..= 2
21 dd + , in which d1 and d2 are the lengths of two indentation diagonals. 
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3.4Tensile Testing 
 
Tensile tests were carried out on cylindrical specimens made from the pipe section 
such that the loading axis of the specimen is parallel to the longitudinal dimension of the pipe 
having 5 mm gauge diameter and 30 mm gauge length. The detail drawing of the specimen is 
shown in Fig. 3.4. 
 
 
 
 
 
Figure 3.4 Specimen drawing 
 
 
Tests were done at room temperature using servo electric testing machine with 100KN 
capacity, under software control. The axial strain was measured by an extensometer of 12.5 
gauge length. This extensometer is capable of measuring up to 40% strain. Tensile testswere 
performed in displacement controlled mode; the strain rate was 1×10−3 s−1. During the time of 
test 800 data points are collected by inbuilt software. The tensile tests were done as per 
ASTM E8M [40] standard. 
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3.5Uniaxial ratcheting test 
 
The specimens for uniaxial ratcheting test were prepared keeping similar 
configuration to cylindrical tensile blanks with 7 mm gauge diameter and 13 mm gauge 
length. Specimens were fabricated from the pipe in such a manner that the loading axis 
coincides with the pipe axis. Uniaxial ratcheting experiments were carried out at room 
temperature of 298K using a 100kN servo-electric testing system (Instron, model: 8862, High 
Wycombe, Buckinghamshire, UK). The system was attached to a computer for test control as 
well as for data acquisition. All tests were done in true stress control mode till fracture using 
triangular waveform (Fig. 3.5) at a constant stress rate of 50 MPa/s. Frequency is measured 
with the help of stress amplitude and fixed during each test. 
 
 
Figure 3.5schematic loading paths for ratcheting test 
 
 
 
The tests can be classified into two categories: (i) Constant sa with varying sm and (ii) 
constant sm with varying sa. The combinations of mean stress and stress amplitude were 
chosen in such a manner that the adopted maximum and minimum stresses fall under tension-
compression cycles. A few experiments were also carried out with negative mean stress. The 
strain measurementsduring cyclic deformations were made using an axial extensometer 
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having 12.5mm gauge length. Thedata pertaining to stress-extension as well as actuator 
displacement were continuously recorded; attempts were made to acquire at least 200 data 
points per cycle for further analyses. The detail drawing of the specimen is shown in Fig. 3.6. 
 
 
 
 
Figure 3.6 Specimen drawing for ratcheting. 
 
 
 
 
 
 
3.6Fractography with the SEM (Failure Analysis) 
 
Fractography is the study of fracture surfaces of materials. This method is used to determine 
the cause of failure in engineering structures by studying the characteristics of a fracture 
surface. Some modes of crack growth can leave characteristic marks on the surface that 
identify the mode of crack growth and origin on a macro scale e.g. beach marks 
or striations on fatigue cracks. Fractography requires examination at a finer scale, which is 
usually carried out in a Scanning electron microscope or SEM shown in Fig. 3.7. 
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Figure 3.7 Scanning Electrons Microscope 
 
 
The resolution of SEM is much higher than the optical microscope, although samples are 
examined in a partial vacuum at near atmospheric pressures. In general, the propagation of 
fatigue cracks is strongly controlled to the plane of normal stress and is therefore less 
dependent upon features of the material. At high stress intensities, striations arranged in 
bands can be found marking the crack growth during each load cycle. With decreasing stress 
intensities the striations will disappear and only a weak band structure remains indicating the 
direction of crack propagation. At very high load pulses as given for instance by a sequence 
of impacts, the striations can become visible to the naked eye and show a dimple structure in 
the SEM. 
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4.1 Material characterization 
 
4.1.1 Chemical composition 
 
Chemical composition of steel is given in TABLE 4.1. 
 
Table 4.1 Chemical composition of the SA508 steel 
 
Elements C Si Mn Ni Cr Mo Cu Co V Fe 
Wt% 
 
0.196 0.164 1.4 0.78 0.15 0.446 0.15 0.014 0.013 96.94 
 
 
 
4.1.2Micro structural characteristics 
 
 
The microstructure of the as received SA 508 low alloy steel exhibits nearly equiaxed bainitic 
grains and few ferrite grains. Ferrite gives ductility and bainite gives strength to the 
investigated steel. Optical microstructures have been taken in three orientations L-C, L-R, 
and R-C which are illustrated in Fig. 4.1. 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
   
 
 
 
 
 
 
 
 
 
 
(c) 
 
 
Figure 4.1 Typical optical microstructures of SA 508 steel (a) L-Corientation 
(b) L-R orientation(c) and R-C Orientation  
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4.1.3 Grain size measurements 
 
 
The average grain size of the SA508 steel was determined by the linear intercept method 
according to ASTM standard E-112 [39]. Linear intercepts are drawn on the microstructure 
graph of higher magnification. The average grain size is around 20 µm, shown in Fig. 4.2. 
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Figure 4.2 Grain Size Distribution 
 
 
 
4.1.4 Hardness 
 
 
Hardness of investigated SA 508 steel samples have been measured in different orientation 
by Vickers hardness tester. At least three readings have been taken at different positions for a 
comparative measurement .The results are tabulated in Table 4.2.The dwelling time is 10 s, 
with applied load of 30kgf. 
Table.4.2 Hardness value of SA 508 steel 
 
Direction Load(kgf) Hardness(HV) 
L-R 30 218.33 
L-C 30 223.26 
R-C 30 222.8 
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4.2 Tensile test 
 
 
Two tensile tests were conducted to check the repeatability of the test results. The 
engineering stress-strain curve plot is given in Fig. 4.3which shows continuous yielding 
behavior and the tensile properties given in Table 4.3.Its yield strength has been determined 
using 0.2% strain offset procedure as suggested in ASTM standard E8M [40]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Engineering stress–strain behavior of the steel 
 
 
 
Table .4.3 Tensile Properties of SA 508 steel 
 
 
Specimen YS, MPa UTS, MPa % Uniform El % Total El % RA 
1 584 713 9.23 33.6 66.9 
2 588 715 9.6 32.1 66.4 
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The average of the yield strength of two tests was taken as the basis for determining the mean 
stress and stress amplitude during ratcheting tests. 
 
4.3 Uniaxial ratcheting behaviour of material 
 
 It is understood that variation of strain with stress during cyclic loading produces 
stress-strain loops known as hysteresis loops. The hysteresis loops those get generated during 
uniaxial ratcheting experiments shift towards positive or negative plastic strain directions 
depending on the selection of mean stress. Typical hysteresis loopsthose were obtained 
during the true stress controlledratcheting test at sm = 50MPa, sa = 540MPa and sm = 
50MPa, sa = 500MPa are presented in Fig. 4.4 and Fig. 4.5 respectively. In Fig. 4.4 the 
stress-strain cycles generated up to failure are illustrated whereas only the first two cycles are 
shown in Fig. 4.5, for clarity. It is clear from the figures that hysteresis loops shifted towards 
positive strain direction during deformation of ratcheting with positive mean stress. 
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Figure 4.4 Hysteresis loop up to 
failure for σm= 50 MPa, σa=540MPa. Figure 4.5 Hysteresis loop for 1st and 2nd cycle for σm= 50 MPa, σa=540MPa. 
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Similar types of hysteresis loops are presented in Fig. 4.6 which are for σm= 50MPa, σa= 500 
MPa; (a) representative hysteresis loop of the first cycle, (b) hysteresis loops up to failure. 
Figure 4.7 represents the hysteresis loops for σm= –40MPa, and σa= 520MPa, it is clear from 
the figure that hysteresis loops shifted towards negative strain direction during deformation of 
ratcheting with negative mean stress. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 Hysteresis loop for first and second cycle (b) hysteresis loops up to failure cycles 
at σm= 50 MPa, σa=540MPa. 
 
 
-16 -14 -12 -10 -8 -6 -4 -2 0 2
-600
-400
-200
0
200
400
600
 M-40A520
 
T
ru
e 
St
re
ss
, M
Pa
True Strain, %
c
 
 
Figure 4.7 Hysteresis loops up to failure cycles at σm= -40MPa, σa= 520 MPa 
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4.3.1 Effect of stress amplitude on ratcheting strain at constant mean stress. 
 
 
Variations of accumulated ratcheting strain (εr) with number of cycles (N) for constant 
smandvarying sa are shown in the figure 4.8 (a-c) and the test condition is given in Table. 
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Figure 4.8 Variation of ratcheting strain with number of cycles for varying sa and at 
constant   sm levels: (a) sm = 30 MPa (b) sm = 40 MPa, (c) sm = 50 MPa 
 
 
Results in Fig 4.8 show ratcheting strain monotonically increases with increasing number of 
cycles for any combination of sa andsm. At any constant sm and at any specific N value the 
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magnitude of εr increases with increasing sa. For the given result it infers that for increasing 
ratcheting strain fatigue life (Nf) decreases. 
Table 4.4 Selected sm and sa values for ratcheting tests. 
 
Serial No. Mean Stress, MPa Stress Amplitude, MPa 
1 30 540 520 500 
2 40 540 520 500 
3 50 540 520 500 
 
For example when sm and saare 50 and 500 MPa total strain accumulation is 2.5%, it 
increases to about 14.3% for sa = 520 MPa and about 23.3% for sa = 540MPa, at constant sm 
value of 50 MPa. The increase strain accumulation was also observed for mean stress is equal 
to 30 MPa a 40 MPa in similar fashion. This type of increase in amplitude was also observed 
for other steel like SA 333 steel [1, 2]., AISI 304LN stainless steel [41] etc.  
For understanding the ratcheting behaviour of the SA 508 steel at different combinations of 
sm and sa, hysteresis loops obtained during each cycle of the tests were analyzed. Variations 
in the nature of the hysteresis loops for increasing sa are depicted in Fig. 4.9. (a-b). It can be 
observed from these figures that for a given sm level, smax increases with the increase in 
sa.Thus, it induceshigher plastic strain and also width of the hysteresis loop of any particular 
number increases with increasing sa. 
Dutta et al. [41] have reported that increase of ratcheting strain with increasing stress 
amplitude occurs due to variation in remnant dislocation density. It is wellknown that higher 
is the dislocation density in a material, higher is the accumulation of plastic strain and vice 
versa. Hence, it may beinferred that with increasing sa for a particular sm, total 
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strainaccumulation will increase because of the increase in the remnantdislocation density. 
This fact causes increased damage of the material. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9 Typical stress–strain hysteresis loops showing increased opening of the loops 
With increasing sa at sm = 30MPa and 40MPa for N=100. 
 
4.3.2. Effect of mean stress on ratcheting strain at constant stress amplitude 
To understand the effect of sm on εr at constant sa levels the results is shown in Fig. 4.10, 
which illustrates that both εr and Nf increases with increasing sm. if we increase the mean 
stress, ratcheting strain and life both are increases it is clear from figure, one more result is 
obtain from figure when smis negative then the accumulated ratcheting strain in compression 
direction and it is nearly mirror image of same value of positive mean. For example when    
sm and sa combination 30 and 520 MPa total strain accumulation is 2.6% it increasing to 
about 6.03% for sm= 40 and about 6.244% for sm = -40 MPa.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10. (a) Variations of ratcheting strain with number of cycles for varying sm and 
constant sa 
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4.4 Saturation in strain accumulation  
To understand the saturation in strain accumulation during ratcheting deformation, the plots 
between ratcheting strain vs. number of cycles are differentiated, and a new set of graphsare 
produced. Figure 4.11(a) shows the plot between rate of strain accumulation and number of 
cycles at sm = 50 MPa and sa= 500 MPa. Similar plots for sm = 50 MPa, sa= 520 MPa and 
sm = 40 MPa and sa= 520 MPa are given in Fig. 4.11(b) and 4.12. It can observed from all 
the results that strain accumulation rapidly decreases up to 100 cycles, which slowly attains 
saturation and finally gets saturated up to 400 cycles. The saturation occurs due to stable 
nature of dislocation substructure during ratcheting deformation [41]. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11 Rate of ratcheting strain vs. number of cycles 
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Figure 4.12 Rate of ratcheting strain vs. number of cycles 
 
 
 
 
 
 
4.5Fractography 
 
Fracture surfaces of the fatigue testes specimens were studiedusing scanning electron 
microscope. For this investigation, a set of representative ratcheted specimens which failed 
during cyclic loading were carefully cut and the fracture surface were examined.This method 
is usually used to determine the cause of failure in engineering structures by studying the 
characteristics of a fracture surface. On a microscopic scale, striations can be observed if the 
fracture is occurred under fatigue. In the present investigation also, striation were observed 
and typical fractographs are shown in Fig. 4.13(a) and (b). Final failure generally occurs due 
to overload and can be seen from the fracture surface. Figure 4.13(c) is a representative zone 
of this type of fracture. 
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Figure 4.13 Striations formed during cyclic loading (a and b), Interface of overload 
failure (c). 
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CHAPTER-5 
 
CONCLUSIONS & FUTURE WORK 
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5.1 Conclusions 
 
The results and their pertinent analyses related to the present uniaxial ratcheting experiments 
on SA508 at room temperature assist to infer: 
 
v Accumulation of ratcheting strain can be substantiated from the shifting of hysteresis 
loops during cyclic loading experiments. The loops shift towards positive strain 
direction when mean stress is positive; on the other hand opposite nature can be seen 
for negative mean stress.  
 
 
v Strain accumulation during ratcheting deformation of the investigated SA508 primary 
heat transport piping steel increases with increasing stress amplitude at constant mean 
stress levels. This increase of ratcheting straincan be explained by increase in remnant 
dislocation density and thereby with increased damage of the material.  
 
v When the stress amplitude is constant, strain accumulation increases with increasing 
mean stress.Accumulation of ratcheting strain becomes negative, when the mean 
stress is negative.  
v Saturation in strain accumulation is achieved after few cycles due to attainment of 
stable dislocation configuration after initial 400 cycles.   
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5.2 Scope for Future Work 
 
The present work leaves a wide scope for future investigation: 
 
 
Ø Transmission electron microscopic analyses would be very important scope of 
experiments to understand the dislocation features responsible for ratcheting behavior 
of the investigated steel. 
Ø Determination of the effect of pre-straining on the ratcheting behaviour of the 
materials. 
Ø Ratcheting behavior can be effectively modeled through mathematical simulations. 
This may be very interesting study for this steel,which is not available in the 
literature. 
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